References Cited U.S. PATENT DOCUMENTS 3,876,373 4/1975 TREATMENT TEMPERATURE (CENTIGRADE) F.G. 11 TREATMENT TIME (MICRO SECONDS) F.G. 12 5, 690, 978 Sheet 9 of 9
S.----a---------------O NYS------2S ----N ---------------N------C) arc H ----Y ---------------a --------N------------------
- s O. ---- ---- - O PP----R
S. C NSCC ----------------------R -------------------------------------------------------------------------S ---E -NaCl a.o. --------------
Nov. 25, 1997 U 
FIELD OF THE INVENTION
The present invention relates generally to food preserva tion systems and methods and, more specifically, to a pulse electric field treatment device for inactivating bacteria and microorganisms found in liquid food products.
BACKGROUND OF THE INVENTION
The preservation of food products is an important indus trial and commercial activity and is primarily based on the inactivation, or destruction, of microorganisms in the food product. Existing methods of food preservation include the use of salts (i.e. sodium chloride), dehydration, heat pas teurization and freezing to inactivate microorganisms present in the food product. However, many of these pro cesses affect the color, texture, flavor and taste of the foods preserved. For example, heat pasteurization can cause ther mal damage to the food product and adversely affect its taste, flavor and nutrient content. As a result of this and other disadvantages, researchers have strived to develop non thermal food sterilization techniques.
One such non-thermal food sterilization technique is known as Puised Electric Field (hereinafter PEF) treatment.
Generally, in PEF treatment, an electric field voltage is applied across two electrodes where food material is between the electrodes. Because most liquid food products are primarily composed of water and nutrients such as proteins, vitamins, triglycerides and minerals, a correspond ing electric field is induced in the food product and weakens the bacteria's cell structure. The bactericidal effect caused by PEF treatment is best explained by what is known as the Dielectric Rupture Theory.
According to the Dielectric Rupture Theory, PEF treat ment reduces the activity of bacteria and other microorgan isms by damaging the bacterial or microorganism cell struc ture. The applied electric field induces an electric potential across the membrane of a living cell. This electric potential, in turn causes an electrostatic charge separation in the cell membrane based on the polar nature of the cell membrane molecules. When this electric potential exceeds a critical value, pores formin weak areas of the cell membrane. When the critical value is exceeded by a large margin, the pore formation and cell membrane damage have a lethal effect on the bacteria or microorganism. However, the lethal effect of PEF treatment is dependent on many factors including, inter alia, the strength and length of time the electric field is applied, treatment temperature and the species of bacteria and/or microorganism to be inactivated. For further infor mation on the engineering aspects of PEF treatment, see Zhang, Q., G. V. Barbosa-Cánovas and B. G. Swanson, Engineering Aspects of Pulsed Electric Field Pasteurization, Journal of Food Engineering, Vol. 25 pp. 261-281 (1994) .
In particular, the lethal effect of PEF treatment on bacte rial spores has heretofore been limited. The limited results are due in part to the bacterial spore's rigid structure and ability to resist unfavorable environmental conditions. Therefore, current PEF treatment methods and devices for 
SUMMARY OF THE INVENTION
According to the present invention, a pulse electric field (PEF) treatment device is provided for preserving and sterilizing a liquid food product. The PEF treatment device includes a first and second electrode for supplying an electric field to the liquid food product. Each electrode includes an electrode flow chamber for accepting the flow of the liquid food product and for making electrical contact with the liquid food product. The PEF treatment device also includes at least one insulator positioned between the first and second electrodes and for electrically insulating the first and second electrodes from each other. The electrical insu lator includes an insulator flow chamber for accepting the flow of liquid food product from the electrode flow chamber of the first electrode and the electrode flow chamber of the second electrode. The electrode flow chamber of the first electrode includes an inlet aperture and an outlet aperture. Similarly, the electrode flow chamber of the second elec trode includes an inlet aperture and an outlet aperture. The insulator flow chamber also includes an inlet aperture and an outlet aperture. The insulator flow chamber and the electrode flow chambers are configured to comprise a single tubular flow chamber for accepting the flow of the liquid food product through the PEF treatment device. The insulator flow chamber inlet aperture and the first electrode flow chamber outlet aperture are positioned adjacent to each other and have substantially similar cross-sectional geometry. Similarly, the insulator flow chamber outlet aperture and the second electrode flow chamber inlet aperture are positioned adjacent to each other and have substantially similar cross sectional geometry.
The present invention also provides a PEF treatment system for preserving and sterilizing a liquid food product. The system includes a high voltage pulse generator for supplying a pulsed electric field, a PEF liquid product treatment device for subjecting the liquid product to the pulsed electric field, a balance tank for storing the liquid food product to be treated, a de-oxygenator device for removing oxygen and other gases from the liquid food product, a pulseless pump for providing a continuous flow of liquid food productin the treatment system, at least one heat exchanger for regulating the temperature of the liquid food product, and an aseptic packaging device for packaging the liquid food product. The PEF liquid product treatment device is in circuit communication with the high voltage pulse generator and includes first and second electrodes for supplying an electric field to the liquid food product and an insulator for electrically insulating the plurality of electrodes from each other. Each electrode includes an electrode flow chamber for accepting the flow of the liquid product and for making electrical contact with the liquid product. The insu lator includes an insulator flow chamber for accepting the flow of liquid food product and is positioned between the electrode flow chambers. The insulator flow chamber and the electrode flow chambers are configured so that a single tubular flow chamber for accepting the flow of liquid food product is formed thereby and each have inlet and outlet apertures of substantially similar cross-sectional geometry and adjacent to each other.
The present invention further provides a PEF treatment device having first and second electrodes for supplying an electric field to a liquid product, at least one insulator for electrically insulating the first and second electrodes from each other and an insertion member for providing electrical 5,690,978 includes a plurality of conducting members and at least one insulator member. The plurality of conducting members provide electrical contact to the liquid product and the at least one insulator member provides electrical insulation between the plurality of conducting members. The insertion member includes a cylindrical body that is concentrically located within the single flow chamber that is comprised by the electrode and insulator flow chambers.
The present invention further provides a method of induc ing a pulsed electric field in a liquid product for the inactivation of bacterial spores. The method includes the steps of pumping the liquid product through a treatment device so as to create a liquid product flow in the treatment device, generating a plurality of pulsed electric fields, and inducing the plurality of pulsed electric fields in the liquid product wherein the induced, pulsed electric field vector direction is parallel to the liquid product flow. Furthermore, the step of generating a plurality of pulsed electric fields includes the step of generating a pulsed electric field with a frequency range of 500 Hz to 20 kHz and an electric field range of 15 kV/cm to 160 kV/cm. The method further includes the step of regulating the liquid product tempera ture in the range of 31 to 36° C. Additionally, the step of generating a pulsed electric field includes a step of gener ating a pulsed electric field with a pulse length of 1 to 20 microSeconds.
It is therefore an advantage of the present invention to provide a PEF treatment device that includes at least one tubular flow treatment chamber.
It is a further advantage of this invention to provide a PEF system for the preservation of liquid food products that includes a pulseless pump for providing a constant velocity of liquid product to ensure uniform treatment dosage.
It is further another advantage of this invention to provide a PEF system, device and method for the inactivation of bacterial spores in addition to vegetative microorganisms, thereby making the system, device and method suitable for the sterilization of food, nutriceutic, cosmetic and pharma ceutical products.
BRIEF DESCRIPTION OF THE DRAWINGS
In the accompanying drawings which are incorporated in and constitute a part of the specification, embodiments of the invention are illustrated, which, together with a general description of the invention given above, and the detailed description given below, serve to example the principles of this invention.
FIG. 1 is a schematic illustration of the PEF system of the present invention for extending the shelf life of perishable, pumpable liquid products utilizing a pulsed electric field (PEF) treatment device. high voltage pulse generator 107 and an aseptic packaging device 108. The balance tank 101 holds the liquid product to be treated by the PEF system. The liquid product may be a wide range of products, including edible food products having a viscosity or extrusion capacity such that the food product may be forced into a flow through a treatment chamber. Other liquid products include extrudible products such as doughs or meat emulsions, fluid products such as beverages, fluid dairy products, gravies, sauces and soups, and food particulate containing food slurries such as stews, and food particulate containing soups, and cooked or uncooked vegetable or grain slurries. Moreover, the liquid food product may include nutriceutic, cosmetics and phar maceutical products. The balance tank 101 is in physical communication with the de-oxygenator 102. The de-oxygenator 102 serves to remove dissolved gasses and/or product bubbles which might adversely affect the develop ment of a substantially uniform electric field in the liquid product as it is treated in PEF treatment devices 106A, B and 6 sectional geometry. The phrase "substantially similar" is hereinafter used to express the concept that one may depart from the overall inlet and outlet aperture dimensions and shape and still maintain an overall degree so similarity in geometry and/or functionality. For example, inlet and outlet physical dimensions and shapes need not be identical, that is, the insulator flow chamber inlet or outlet apertures may be slightly larger or smaller than the electrode flow chamber outlet or inlet apertures, or vice-versa. Moreover, the elec trode flow chamber inlet or outlet aperture may be elliptical while the insulator flow chamber outletorinlet aperture may be circular, or vice-versa. Therefore, it should be apparent that an electrode flow chamber's inlet and/or outlet apertures and the insulator flow chamber's inlet and/or outlet apertures may have different dimensions and shapes and still maintain substantially similar cross-sectional geometries.
Referring includes an electrode flow chamber 507 for making electri cal contact with the liquid product and for allowing the liquid product to flow through the PEF treatment device 500. Similarly, second and third electrodes 503 and 505 include electrode flow chambers 508 and 510 for making electrical contact with the liquid product and for allowing the liquid product to flow through and out of the PEF treatment device 500. The first insulator 502 is in physical communication In all of the illustrated embodiments, the electrodes com prise food-grade stainless steel. However, any other food grade, electrically conducting material may be substituted in the above embodiments for the stainless steel. The various insulation components of the presently described embodi ments are comprised of polycarbonate. However, the insu lation components may be any electrically insulating mate rial such as ceramics, glass or plastics. Operation of The PEF Treatment Devices
To recall, the PEF treatment process applies an electric field voltage across two electrodes where a liquid product, such as a food product, exists between the electrodes. Because most liquid food products are primarily composed of water and nutrients, a corresponding electric field is induced in the food product. Abactericidal effect, commonly called the Dielectric Rupture Theory, arises due to this induced electric field in the liquid food product. According to the Dielectric Rupture Theory, PEF treatment reduces the activity of bacteria and other micro-organisms by damaging the bacterial or micro-organism cell structure. The applied electric field induces an electric potential across the mem brane of a living cell, which, in turn, causes an electrostatic charge separation in the cell membrane and results in pore formation in weak areas of the cell membrane. The pore formation and cell membrane damage have a lethal effect on the bacteria or micro-organism. The operation of PEF treat ment device 200 shown in FIGS. 2A and 2B will now be presently described in detail with respect to the inactivation of the Bacillus subtilis species of bacterial spore and with the understanding that the operational description is equally applicable to PEF treatment devices 300-800 shown in FIGS. 3A-8B.
Referring now to FIGS. 1, 2A and 2B, electrode 203 is in circuit communication with a high voltage terminal of the high voltage pulse generator 107 and electrode 201 is in circuit communication with a ground network. Therefore, when a high voltage pulse signal is applied across electrodes temperature of T-36° C . FIG. 9 indicates that, with the same energy input, when the pulse duration time is increased from 1 to 6 microseconds, the inactivation of spores increases. As shown in FIG. 8 , ninety-two percent (92%) of the spores were inactivated with 6 microsecond pulse durations applied for 1,770 microseconds (i.e., 295 pulses). In FIG. 8 , the frequency was decreased in correspondence to the increased pulse duration times so that a constant power input was maintained for comparison purposes. As evident from FIG. 8, the frequency of the applied electric field signalis a factor that affects the inactivation rate of the bacterial spores.
Illustrated in FIG. 10 is a graph showing the effect of bacterial spore inactivation as the pulsed electric field fre quency is varied. More particularly , FIG. 10 illustrates the inactivation of bacterial spores at frequencies of 2,000, 3,000 and 4,000 Hz, with a pulse duration time of 3 microseconds and an applied electric field strength of E=30 kV/cm at a temperature of T-36° C. Therefore, as the frequency increases, the number of pulses and total treat ment time that the bacterial spores receive also increases.
However, as shown in FIG. 10 , the inactivation rate of bacterial spores decreases as the frequency increases. Since bacterial spores are hard, but structurally fragile, FIG. 10 indicates that there is an optimal PEF treatment frequency that may cause resonance of the bacterial spore structure. This resonance causes a loosening of the rigid bacterial spore structure such that the applied pulsed electric field can, in effect, punch through the spore structure and inactivate the spores. kV/cm, while maintaining the applied electric field fre quency at 2,000 Hz and the pulse duration time at t=3 microseconds and at a treatment temperature of T-36° C. FIG.13 indicates that as the electric field intensity increases, the inactivation of bacterial spores increases. More particularly, after the bacterial spores were exposed to an electric field strength of 40 kV/cm for 3.5 milliseconds, 98% of the bacterial spores were inactivated. Therefore, the results shown in FIG. 13 indicate that in order to obtain a greater inactivation of bacterial spores, higher electric field strengths may be applied.
Accordingly, more than 95% of Bacillus subtilis bacterial spores were inactivated by the continuous flow PEF treat ment system of the present invention with frequency ranges from 500 Hz to 4,000 Hz and a pulse duration time from 1 microseconds to 6 microseconds. Moreover, the optimum PEF treatment temperature for Bacillus subtilis bacterial spores is 36° C., and the presence of a germination agent, such as L-alanine, significantly enhances the PEF inactiva tion of the Bacillus subtilis bacterial spores. Furthermore, frequencies beyond 4000 Hz are possible. For example, frequencies from 4000 to 20,000 Hz may be employed depending On the System design parameters.
While the present invention has been illustrated by the description of embodiments thereof, and while the embodi ments have been described in considerable detail, it is not the intention of application to restrict or in any way limit the scope of the appended claims to such detail. Additional advantages and modifications will readily appear to those skilled in the art. For example, the insulators, electrodes and liquid flow chambers may employ a variety of cross sectional and sectional geometries, and the PEF treatment system operating parameters, such as applied electric field strength, treatment temperature and liquid product flow rates may be varied based on the nature of the liquid product to be treated, the micro-organism and/or bacterial to be inac tivated. Therefore, the invention, in its broader aspects, is not limited to the specific details, the representative apparatus, and illustrative examples shown and described. Accordingly, departures may be made from such details without departing from the spirit or scope of the applicant's general inventive concept.
We claim:
1. A pulsed electric field treatment device for preserving a liquid product, comprising:
(a) a first electrode for supplying an electric field to the liquid product and having an electrode flow chamber for accepting the liquid product and for making elec trical contact with the liquid product; wherein the electrode flow chamber comprises an inlet aperture and an outlet aperture; (b) a second electrode for supplying an electric field to the liquid product and having an electrode flow chamber for accepting the liquid product and for making elec trical contact with the liquid product; wherein the electrode flow chamber comprises an inlet aperture and an outlet aperture; 5,690,978 (1) wherein the insulator flow chamber inlet aperture and the first electrode flow chamber outlet aperture are positioned adjacent to each other and have sub stantially similar cross-sectional geometry; and (2) wherein the insulator flow chamber outlet aperture and the second electrode flow chamber inlet aperture are positioned adjacent to each other and have sub stantially similar cross-sectional geometry; and wherein the pulsed electric field treatment device permits a continuous flow of liquid product. (c) a plurality of washer devices for allowing the replace ment of the first and second electrodes, the insulator, the cushion device and the plurality of washer devices; the plurality of washer devices in physical communi cation with the first and second electrodes, the at least one insulator, the holder device and the cushion device. 13. A pulsed electric field treatment system for preserving a liquid product, the system comprising:
(a) a high voltage pulse generator for supplying a pulsed electric field to the system; (b) a liquid product treatment device in circuit commu nication with the pulse generator and for subjecting the liquid product to the pulsed electric field; wherein the liquid product treatment device comprises:
(1) a first electrode for supplying an electric field to the liquid product and having an electrode flow chamber for accepting the liquid product and for making electrical contact with the liquid product; wherein the electrode flow chamber comprises an inlet aper ture and an outlet aperture; (2) a second electrode for supplying an electric field to the liquid product and having an electrode flow chamber for accepting the liquid product and for making electrical contact with the liquid product;
wherein the electrode flow chamber comprises an inlet aperture and an outlet aperture; (3) at least one insulator positioned between the first and second electrodes for electrically insulating the (c) a plurality of washer devices for allowing the replace ment of the first and second electrodes, the insulator, the cushion device and the plurality of washer devices;
the plurality of washer devices in physical communi cation with the first and second electrodes, the at least one insulator, the holder device and the cushion device. 17. Amethod of inducing a pulsed electric field in a liquid product for the inactivation of bacterial spores comprising the steps of: (a) continuously pumping the liquid product through a treatment device so as to create a continuous liquid product flow in the treatment device; the liquid product having a temperature; (b) generating a plurality of pulsed electric fields having a vector direction; wherein the step of generating a plurality of pulsed electric fields includes the step of generating a pulsed electric field with a frequency range of 500 Hz to 20 kHz and a field range of 15 kVIcm to 160 kV/cm; and (c) inducing the a plurality of pulsed electric fields in the liquid product wherein the induced, pulsed electric field vector direction is parallel to the continuous liquid product flow. 18. The method of claim 17 further including the step of regulating the liquid product temperature.
19. The method of claim 18 wherein the step of regulating the liquid product temperature includes the step of main taining the liquid product temperature at 36 degrees Centi grade.
20. The method of claim 17 wherein the step of generating a pulsed electric field includes the step of generating a pulsed electric field with a pulse length of 1 to 20 micro seconds.
